Each year, around 300,000 Herpes Zoster (HZ) cases are observed in the German population, resulting in costs over €182 million to society. The objective of this study was to estimate the potential public health and economic impact of the new Adjuvanted Recombinant Zoster Vaccine (RZV, Shingrix) in the German population ≥ 60 years of age (YOA) and to identify the optimal age of vaccination. We used a static, multi-cohort Markov model that followed a hypothetical cohort of 1 million people ≥ 60 YOA life-long after vaccination using German-specific inputs. Both costs and outcomes were discounted at 3%, the incremental cost-effectiveness ratio (ICER) was calculated based on the societal perspective. The coverage of RZV was set at 40% with a second-dose compliance of 70%. Vaccinating the population aged ≥ 60 YOA would result in 45,000 HZ cases avoided, 1,713 quality-adjusted life years (QALYs) gained at a total cost of approximately €63 million compared to 38,000 cases avoided, 1,545 QALYs gained at a total cost of approximately €68 million in the population ≥ 70 YOA. This would result in an ICER of approximately €37,000 and €44,000/QALY, for the age cohort ≥ 60 and ≥ 70 YOA, respectively. Scenario analyses demonstrated that vaccinating at age 60 or 65 YOA would show greater public health impact and would result in the lowest observed ICER compared to vaccinating at 70 YOA. In conclusion, starting vaccination with RZV in the German population ≥ 60 YOA would demonstrate the best value from a public health and economic standpoint.
Introduction
Before implementation of routine childhood varicella vaccination in 2004, the lifetime risk of acquiring a varicella-zoster virus (VZV) infection in Germany was more than 95%. In most cases, VZV infection occurs in children and manifests in the form of chickenpox. 1, 2 After recovery from the primary infection of VZV, the virus remains latent life-long in individual's dorsal root ganglia. 3 Immunosenescence or immunosuppressing illnesses and medications result in a decrease in VZV-specific T-cell immunity. This leads to reactivation of the latent VZV causing Herpes Zoster (HZ), also known as Shingles. 4, 5 HZ is usually characterized by a painful and self-limiting rash localized in the sensory region of the affected ganglia (most often the skin of the trunk or the head). 4 The most frequent complication is postherpetic neuralgia (PHN), which is defined as pain persisting or appearing ≥ 90 days after rash onset. 6 Other complications include ophthalmic and neurological symptoms. 6 HZ and associated complications can result in a significant reduction of patients' quality of life. 7, 8 The burden of disease related to HZ and its complications is substantial. Each year, around 300,000 HZ cases are observed in the German population ≥ 50 years of age (YOA) including an estimated 18,000 PHN cases. 9 The economic burden in Germany from a societal perspective is estimated to be €182 million (M) per year and is expected to rise due to changing demographics. 9 Therefore, vaccination could help reduce the burden of disease. 10, 11 The German Standing Committee on Vaccination (STIKO) is the National Immunization Technical Advisory Group (NITAG) at the Robert Koch Institute (RKI) that makes recommendations for licensed vaccinations to be included in the routine vaccination schedule. 12, 13 One of their aims is to reduce the burden of HZ including complications and longterm consequences caused by HZ in older adults by vaccination. 14 However, based on a systematic literature review of all available data, STIKO decided in 2017 against recommending a standard HZ vaccination with the Zoster Vaccine Live (ZVL, Zostavax), licensed by the European Medicines Agency (EMA) in 2006. 14, 15 A new Recombinant Zoster Vaccine (RZV, Shingrix), formulated with adjuvant to address age-related decline in immunity, has been licensed in 2017 in the US and Canada and recently received market authorization by the European Medicines Agency (EMA). 16 This vaccine is administered in two doses, with the second dose recommended between 2 and 6 months after the first dose. Two large phase III clinical trials have been conducted to assess the vaccine efficacy (VE) for RZV. In people ≥ 50 YOA, the VE was 97.2%, whereas in people ≥ 70 YOA, the VE was 91.3%. [17] [18] [19] A recent study estimated the potential public health impact of both ZVL and RZV in the total population ≥ 50 YOA in Germany. Assuming a 40% coverage for both vaccines and a second-dose compliance of 70% for RZV vaccination would lead to a reduction of 0.5M and 1.75M HZ cases when introducing ZVL or RZV, respectively. 19 This result was achieved primarily due to the higher, sustained VE, of the RZV vaccine compared with ZVL.
Building further upon the public health impact research, the objective of this study was to evaluate the cost-effectiveness of RZV vaccination compared to 'no vaccination' in the population ≥ 60 YOA in the German statutory health insurance (SHI) setting. The comparison to 'no vaccination' was based on the current situation in Germany where ZVL is not recommended by STIKO.
14 Exploratory analyses were also performed to assess age cohorts that could benefit the most from the vaccine in terms of public health and economic impact. Outcomes of this study could provide useful insights for a potential RZV vaccination policy in Germany.
Results

Base-case results
A cohort of a total of 1M subjects ≥ 60 YOA (split into age cohorts 60-64, 65-69, 70-79, ≥ 80 YOA), of which 40% were vaccinated with the first dose (at 60, 65, 70 or 80 YOA, respectively) and 70% would receive a second dose of RZV, was followed throughout the model. Over the cohort's lifetime, approximately 45,500 HZ and 8,500 PHN cases could be avoided, which would result in a reduction of almost €14.9M and €2.8M in direct and indirect costs, respectively. Vaccination costs would be around €81M, yielding an incremental cost-effectiveness ratio (ICER) of about €37,000 per quality-adjusted life year (QALY) gained (Table 1) . Vaccinating a cohort of 1M people ≥ 70 YOA (split into age cohorts 70-79 and ≥ 80 YOA), under similar coverage assumptions, would lead to a reduction of approximately 37,500 HZ and 7,500 PHN cases. This would result in €13.2M savings to society. As for the cohort ≥ 60 YOA, vaccination costs would be around €81M. The ICER from the societal perspective would be about €44,000/QALY gained, thus being less cost-effective than vaccinating the cohort ≥ 60 YOA.
Scenario analyses
To assess the optimal age of vaccination, cohorts of 1M people 60, 65 or 70 YOA were assessed, both in terms of public health and economic impact. For all age cohorts, public health and economic impact was assessed ( Table 2 ). The greatest number of HZ cases was avoided considering vaccination in the 60 YOA cohort, whereas slightly more PHN cases were avoided considering vaccinating the 65 YOA cohort. The number needed to vaccinate (NNV) was similar for all three age cohorts (range 7-9) but the NNV for PHN was higher (48) for the cohort 70 YOA than for other age cohorts (39) . The ICERs for both 60 and 65 YOA cohorts would be similar, whereas again, this would increase for the 70 YOA cohort. The predicted costs per case prevented for HZ and PHN would be the lowest in the cohort 60 YOA, €983 and €5,477, respectively.
Sensitivity analysis
Deterministic sensitivity analyses (DSA)
The results of the deterministic sensitivity analyses (DSA) are given in Figure 1 (cohort ≥ 60 YOA) and Figure 2 (cohort ≥ 70 YOA). Although all parameters were varied according to the ranges provided in the input table (Table 1) , only the top-10 results were presented in the tornado diagrams. Both age cohorts showed similar top-10 results, although only the first 5 parameters were in a similar order to each other. Incidence of HZ and probability of subsequently developing PHN showed the largest variation around the ICER.
Probabilistic sensitivity analyses (PSA)
For both analyses on the cohorts ≥ 60 and ≥ 70 YOA, the probabilistic sensitivity analyses (PSA) results were shown in a scatter plot, of 5,000 Monte-Carlo simulations around the base case, given in orange. We set the willingness to pay (WTP) to a hypothetical threshold of €50,000/QALY. The cost-effectiveness acceptability curve, showing the probability of being cost-effective under various thresholds, indicated that in 84% of all simulations in the cohort ≥ 60 YOA, the ICER would be below the WTP threshold. For the population ≥ 70 YOA, 67% of all simulations would be below this threshold. (Figures 3 and 4 )
Threshold analyses
To demonstrate the effect of uncertainty around various parameters, threshold analyses for the base case (≥ 60 YOA) were performed as presented in Figure 5 . To reach the hypothetical WTP threshold of €50,000/QALY, either the price should increase by 30%, or the efficacy for two doses should decrease by approximately 20% or the waning of the 2-dose vaccine should increase by 60%. HZ recurrence has the lowest impact on the ICER, setting this value to zero results in an ICER of approximately €40,000/QALY.
Validation
Unlike our ZOster ecoNomic Analysis (ZONA) model, where the vaccine price for RZV was set at €110/dose (price to retailer, including obligatory discounts and rebates), the STIKO model assumed a RZV price similar to the one for the currently available ZVL (€84/dose, price to retailer). It followed patients as of 50 YOA with vaccination from 60 YOA and returned an ICER of €23,934/QALY from the societal perspective. 20 Comparatively, while keeping all other parameters similar to the base case and only decreasing the price of RZV to €84/dose, the ZONA model showed an ICER of €26,673/QALY, from a societal perspective.
Discussion
The objective of this study was to assess the potential costeffectiveness of introducing RZV vaccination to the population ≥ 60 YOA in the German SHI setting. Because of the recent recommendation not to introduce ZVL by STIKO, the cost-effectiveness analysis was performed against no vaccination. To estimate the optimal age of vaccination with RZV, we demonstrated both the public health and economic implications of introducing this new vaccine. In the overall population ≥ 60 YOA, the ICER was around €37,000/QALY. This result was robust to various sensitivity analyses. The PSA showed that in 84% of all 5,000 simulations, the ICER was below a hypothetical threshold of €50,000/QALY. Increasing the age to start vaccinating everyone ≥ 70 YOA led to an ICER of approximately €44,000/QALY. It may seem counterintuitive that the predicted ICER would be higher for people ≥ 70 YOA than ≥ 60 YOA because both incidence of HZ and the probability of developing PHN increase with age. However, the prolonged duration of protection would imply that RZV contributes significantly to the benefit and this is more limited in older age groups due to the higher competing risk of death.
RZV demonstrated high efficacy in all age groups ≥ 50 YOA and clinical trials showed sustained VE up to four years in all study age groups. 17, 18 Because of these vaccine characteristics, vaccinating at a younger age seems to be more aligned to the expressed aim of the STIKO to reduce HZ disease burden in older adults.
14 To optimize the use of RZV, scenario analyses have been performed, showing the public health and economic impact when vaccination started at 60, 65 or 70 YOA. Both 60 and 65 YOA cohorts showed an ICER of approximately €29,500/QALY, being the optimal age cohort in terms of cost-effectiveness. Vaccinating with RZV at 60 YOA, leads to a few additional HZ cases avoided for slightly lower costs compared to 65 YOA.
Extensive sensitivity analyses have been performed on most of the input values and with selected ranges based on the published literature. The DSA showed that, in both age cohorts tested, HZ incidence and probability of developing PHN were the most influential parameters. For the lower bound of HZ incidence, we referred to Schmidt-Ott et al., who presented results from a study involving physician networks, showing a relatively low HZ incidence in Germany. 21 A systematic review by Pinchinat et al. reported overall HZ incidence in Europe to be higher. 4 The lower bound of the PHN probability was derived from Horn et al.
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Other HZ cost-effectiveness models reported higher estimates on these parameters. 23, 24 Increasing the HZ incidence and PHN probability leads to a more cost-effective ICER. The ICER remained relatively stable when varying the second-dose compliance in the DSA from 50 to 90%, and thus was not presented in the top-10 results on the tornado diagram. However, it is interesting to note that the impact on public health is considerable when increasing the compliance rate, as presented in the previous publication of the ZONA model. 19 Threshold analyses revealed that the price to patient should be increased by 30% to come close to the frequently used cost-effectiveness threshold of €50,000/ QALY, whereas it also demonstrated that HZ recurrence had almost no impact on the ICER. If the QALY loss due to HZ was decreased by approximately 25% the ICER could reach the threshold. It has to be noted that this falls below all QALY values used in other cost-effectiveness analyses of HZ vaccines with the exception of Hornberger et al. 25 In the ZONA model the estimated base case QALY loss per HZ case (including PHN) ranged from 0.040 to 0.047 in subjects aged 60-64 and ≥ 80 year olds, respectively. This is in the same range as reported by Kawai et al., 25 who estimated that based on the utility values reported in Ultsch et al. 10 the QALY loss due to HZ in Germany was approximately 0.04 and 0.05 for 60-74 and ≥ 75 year olds, respectively. Larger QALY (utility) loss input values were used in the US CDC model and an independently developed model. 26, 27 One of the limitations of this study is the unknown duration of protection after 4 years, as also discussed in Curran et al. 2017 . 19 To analyze the uncertainty around the waning of efficacy, threshold analyses were performed, results demonstrated that the waning should be increased by approximately 60% to reach the WTP threshold. The data included in this model reflects the German population ≥ 60 YOA, which includes also people with an underlying condition that might have an influence on their disease pattern. Future research is therefore necessary to estimate the cost-effectiveness specifically for sub-populations such as patients with an immunocompromised condition.
The vaccination costs for a cohort of 1M people, considering the coverage of 40% and the second-dose compliance of 70% would be of approximately 81M Euros. 40% coverage is likely not to be established within the first year of the program, and therefore these costs will be spread over the years until the coverage is reached. The model follows hypothetical cohorts of 1 million people to ensure that comparisons on the outcomes can be made between age groups. If one wishes to calculate the impact on the actual size of these age groups, these numbers can be multiplied by the total number of people per age group. For example the total number of HZ cases avoided when vaccinating the 60 -64 YOA cohort are 57,256 per 1 million people, the actual cohort size is 5,2M and thus 57,256 * 5.2 = 297,731 HZ cases could be prevented in this age cohort. Given the fact that, to date, no other peer-reviewed study assessed the cost-effectiveness of RZV in a European setting, it is difficult to put our results into perspective. However, the STIKO conducted a comparative analysis with ZVL and RZV to inform its voting members. 20 Assuming a parity price of for both vaccines (84€/RZV dose), they calculated an ICER of €23,934/ QALY for RZV vaccination, which is close to the ICER of €26,673/QALY returned by the ZONA model, used in this analysis, when considering the same price. Both models assumed a linear waning but the STIKO model is however more conservative on this point as it used the waning data from the ZOE-70 clinical trial for all subjects instead of using ZOE-50 data for people 50-69 YOA. 19 The same source was applied for the cost data and relatively similar numbers for HZ incidence were used in both models. The ZONA model included a second-dose compliance of 70%, whereas the STIKO model assumed 100%. In the STIKO model, the baseline utilities were set to 1, being in perfect health, irrespective of age, while an age-specific baseline utility value was assumed in the present model. This could explain the slightly more positive ICER results in the STIKO model, compared to the ZONA model, especially in subjects ≥ 70 YOA. One of the strengths of this model is the use of German-specific utility losses while the STIKO model reported values from Canada. 7, 28 [submitted for publication] We are not aware of any other German or European cost-effectiveness assessment of RZV. Recently, a comparative analysis has been performed in the US, which informed the Advisory Committee on Immunization Practices (ACIP) and reported outcomes showing cost-effectiveness in both populations ≥ 50 and ≥ 60 YOA. Based on all available evidence, ACIP made the recommendation to (1) vaccinate everyone ≥ 50 YOA, (2) revaccinate people who previously received ZVL and (3) implement RZV as preferred vaccine over ZVL. 29 In 2014, Kawai et al. published a review on economic models assessing the cost-effectiveness of ZVL and made a few recommendations for future modeling, such as including the productivity loss due to HZ, the prevention of other complications than PHN, adverse events due to vaccination and most recent country-specific data on disease burden. They also highlighted the importance of assessing cost-effectiveness in smaller age cohorts. 25 In this study, we aimed to include all those recommendations. A strength of this study is that all epidemiological, costs and utility parameters came from German sources. This analysis used the most recent data regarding disease burden and VE. At this point in time, only clinical trial data were available. Once available, it would be worth assessing the public health and economic impact of RZV on the basis of real-world effectiveness data for both the two-dose schedule and the VE for people only receiving one dose.
In conclusion, introducing a RZV universal mass vaccination in Germany is estimated to substantially reduce the burden of disease caused by HZ and PHN and to provide good value for money in the population ≥ 60 YOA.
Methods
Model design
For this analysis, the ZONA model was used; its structure has been described in Curran et al. 19 Previously, the model only addressed questions on public health while for this analysis, components on costs and quality of life were included. Since no indirect effects can be generally expected from HZ vaccination, ZONA was designed as a static, multi-cohort Markov model built in MS Excel (2010). A detailed overview of the model structure is given in the supplementary material. Recurrence of HZ and subsequent development of complications were considered. A routine vaccination with RZV was compared to no vaccination, reflecting the current situation in Germany. The ZONA model followed hypothetical cohorts of 1M people over their lifetime. Outcomes of the model included costs (medical and societal) associated with the intervention, QALYs, and cases avoided. The primary outcome was the ICER in terms of costs per QALY, from the societal perspective. Both costs and outcomes are annually discounted at 3%, in the base case, following German guidelines. Differential discounting was applied in the sensitivity analyses. 30 
Base-case analysis
In the base-case analysis, we evaluated the ICER for both populations ≥ 60 and ≥ 70 YOA. A hypothetical multi-cohort of 1M people started at 60 or 70 YOA respectively. The vaccination occurred at 60, 65 and/or 70 and 80 YOA; these cohorts were then followed over their lifetime.
Scenario analyses
Vaccinating everyone ≥ 60 or ≥ 70 YOA would be expected to have a considerable impact on the German vaccination budget. Therefore, scenario analyses have been performed to assess the ICERs in a breakdown of the ≥ 60 YOA cohort into 60, 65 and 70 YOA assessing RZV versus no vaccination. Again, cohorts of 1M people per group of interest were followed over their lifetime. Both public health and economic impact in terms of NNV and costs per HZ and PHN cases averted were presented. These outcomes informed the discussion on the optimal age of vaccination.
Sensitivity analyses
On the base-case analyses, two types of sensitivity analyses were performed to test the robustness of the model and its results, a DSA and a PSA. Ranges used in the sensitivity analyses are presented in the input table (Table 1) . For the DSA, every base-case parameter was varied with the upper and lower bound separately and we then recorded the ICER. Results are presented in tornado diagrams. For each analysis, the PSA included 5,000 Monte-Carlo simulations using the same ranges as for the DSA. Disease-specific inputs (i.e. incidence, probabilities) and utility inputs were defined as beta distributions, costs were set to gamma distributions in the PSA and a uniform distribution was assumed for the second-dose compliance. We assumed a correlation between parameters that varied across age groups (i.e. HZ disease incidence, PHN probability, direct and indirect costs, QALY loss); therefore a correlation factor of 0.5 was applied. 31 Results of the PSA are presented on a cost-effectiveness scatter plot and a cost-effectiveness acceptability curve. Threshold analyses were conducted on different parameters (i.e. HZ recurrence, vaccine price, vaccine efficacy (2-doses), waning of efficacy and QALY loss associated with HZ and PHN). These parameters were varied by steps of 10% to −100% and + 100% to assess the impact on the ICER and thus the potential increase or decrease of these values to reach the WTP threshold. At this time, there is no official cost per QALY threshold in Germany. As an estimate, we applied the €50,000/QALY threshold that is commonly used in other economic evaluations relevant to Germany.
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Model inputs
The data used to populate the ZONA model were derived from published literature. We have divided the inputs into five sections; demographics, epidemiology, costs, utilities and vaccine characteristics, presented in Table 3 .
Demographic inputs
The population distribution and age-related all-cause mortality rates were derived from the Federal Statistical Office (DeStatis -Statistisches Bundesamt) for the year 2015 in Germany. 35 
Epidemiological inputs
Several studies have estimated the HZ incidence and the frequency of associated complications in Germany. 5, 9, 36, 37 Hillebrand et al. (2015) estimated the HZ incidence and PHN probability based upon the German Pharmacoepidemiological Research Database (GePaRD) containing, for this analysis, claims data of about 7M insured people from 3 SHI, including many HZ cases (215,959 incident cases). To date, this is the most recent study from a large and well-validated database, and therefore the most accurate source for this model. 5 In accordance with , it was assumed that the rates of recurrent HZ episodes were the same as the rates of the first HZ occurrence, based on data from the US. 38, 39 HZ fatality figures were calculated from Ultsch et al.
(2011), using the same approach as applied in a previous review; mortality rates reported per 100,000 person-years were calculated as the HZ case fatality rate.
10,40
Costs Direct medical and indirect costs related to HZ were taken from , who used a retrospective database combining both patient-related billing data from a SHI and patient-related treatment documentation from a regional Association of SHI-Accredited Physicians. Individuals of all ages with a HZ diagnosis in 2005-2008 were included and observed for two years (one HZ diagnosis-free year before diagnosis and one year after HZ diagnosis). 9 Total direct medical costs included outpatient and inpatient care, drug prescription, therapeutic appliance and sickpay costs. For indirect costs, Ultsch et al. (2013) also accounted for sick-leave and co-payments. 9 Direct medical costs for patients with HZ and HZ including PHN also include patients with other HZ-related complications. Therefore, cost of complications others than PHN were set to zero, to avoid double-counting. Indirect costs were calculated based on the costs to society minus the cost to the payer as described by Ultsch et al. 9 A price for RZV has not been disclosed yet. Therefore, a hypothetical price of €110 per dose was assumed, reflecting the price to retailer reduced by the obligatory pharmacy and manufacturer rebates. This corresponds to a price to wholesaler of €84.5 per dose, a similar approach to other studies. 38 We assumed vaccine administration costs of €7.55 per dose, adapted from pneumococcal vaccination in accordance with previously published literature. 22, 38 The model also included costs due to vaccination-related adverse events (See supplementary material). Hence, the total costs per dose are shown in Table 3 .
Utility inputs
A prospective study assessing the impact of HZ and PHN on the quality of life of individuals ≥ 50 YOA in Germany was used to estimate utility inputs using the EQ-5D questionnaire. Patients were recruited when consulting primary care physicians for a first HZ episode and followed up longitudinally for a maximum of 9 months. The QALY loss associated with a HZonly episode (i.e. no PHN) was estimated to be 0.018 in subjects 50-69 YOA and 0.019 in subjects ≥ 70 YOA, and 0.158 for a HZ episode involving PHN. 28 [submitted for publication] QALY losses due to adverse events were also considered. A specific source for Germany was not found, therefore similar values were applied as in a US model assessing the costeffectiveness of ZVL. 41 Vaccine characteristics VE of RZV was evaluated in two phase III clinical trials in 16,161 subjects ≥ 50 YOA (ZOE-50) and in 14,816 subjects ≥ 70 YOA (ZOE-70), respectively. 17, 18 Details of VE estimates and waning rate calculations were given in the study presented by Curran et al. (2017) . 19 Based on the clinical trial data of the ZOE-50 study, it was found that there was an annual decrease of 1% per year in VE for subjects in the 50-69 YOA group. To date, data are available for 4 years post vaccination. It was assumed that VE would wane at 2.3% during the subsequent years until 70 YOA. VE was assumed to wane at 3.6% thereafter based on the ZOE-70 pooled analyses. 1-dose VE data with assumed waning were also considered as this model considers a second-dose compliance of RZV < 100%. (See supplementary material for further details).
In the model, a first-dose coverage of 40% with a seconddose compliance of 70% were assumed as done elsewhere. 10 Ultsch et al. 10 Ultsch et al. Ultsch et al. 9 Ultsch et al. 
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Validation
Although not officially published in a peer-reviewed journal, STIKO presented a report on their website to show initial study results on cost-effectiveness for both ZVL and RZV. 20 This report supported the recommendation not to introduce ZVL in the German population. 14 To validate our study results, we inserted the price used by STIKO in our model and assessed the ICER.
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